ffi cient use of animal manure as N fertilizer depends on a thorough understanding of how its inorganic NH 4 and organic N components cycle in the soil. Ammonium transformations greatly affect the immediate bioavailability of manure N. By comparison, the availability of organic manure N is more complex and less understood, and varying interpretations have been reported. From one perspective, organic manure-N forms can be grouped into (i) a readily available pool consisting of labile compounds, and (ii) a more slowly available pool containing recalcitrant molecules, which might contribute more to long-term N supply or soil N accumulation than to immediate N availability (Flowers and Arnold, 1983; Chadwick et al., 2000) . Some studies have suggested that the biochemical nature of manure affects its release rates of organic N, which have been associated in the short term with the manure C/N ratio (Chadwick et al., 2000; Calderón et al., 2005) and in the longer term with contents of recalcitrant molecules that will impede manure mineralization, such as lignins (Fauci and Dick, 1994; Chadwick et al., 2000) and neutral detergent fi ber (Griffi n et al., 2005 ). Yet Van Kessel and Reeves (2002) concluded that no single biochemical compound controlled N release. Whether short-term net release of organic N even occurs has been inconsistent: in some studies net N immobilization followed manure incorporation (Fauci and Dick, 1994; Calderón et al., 2005; Griffi n et al., 2005) , presumably because slow mineralization of labile organic N was more than offset by biological immobilization of manure NH 4 into the growing microbial biomass that typically feeds off the decomposition of labile manure C (Flowers and Arnold, 1983; Griffi n et al., 2005) . It is commonly presumed that some organic manure N becomes available only across several years (Bouldin and Klausner, 1998) . Sørensen (2004) concluded that some organic manure N together with immobilized manure NH 4 was more likely to be sequestered in the soil than to cycle into plantavailable forms.
Separate from the chemical nature of manure N, soil properties and other site-specifi c conditions can also affect the availability of organic manure N by altering N transformation rates. Griffi n et al. (2005) found a signifi cant effect of soil type on the rate of net N mineralization during incubation of amended dairy manures having varying chemical compositions. Chantigny et al. (2004) reported that soil type-especially particle size-signifi cantly infl uenced both crop uptake of pig (Sus scrofa) manure N and also the cycling rates of manure N into soil inorganic, organic, and clay-fi xed N pools. Maize (Zea mays L.) uptake of manure N in the fi rst year following manure application differed considerably at three sites, apparently due to site-specifi c climatic and soil factors that were poorly understood (Motavalli et al., 1989) . Soil type affected the growth response of bermudagrass [Cynodon dactylon (L.) Pers.] to broiler litter application and hence the levels of residual manure N in soil N pools (Adeli et al., 2006) . Volatization losses of poultry manure N can be affected by several factors, including soil pH and cation exchange capacity (Moore, 1998) .
To better compare N mineralization from different manure sources and at different locations, a team of USDA-ARS scientists developed common protocols to measure N mineralization in animal-manure-amended soil for both fi eld and laboratory settings (Honeycutt et al., 2005a) . The protocols were evaluated during amendment of locally available manures to soils in different regions of the United States. Initial results suggested wide variation in the rate of manure-N mineralization that could not be attributed to manure type (Honeycutt et al., 2005b) . In a subsequent study, a single dairy manure was applied to these soils in a centralized laboratory incubation. Resulting trends in nitrifi cation potential appeared to have been affected by the quantity and type of clay minerals (Fortuna et al., 2006) .
Another factor potentially impacting N mineralization from manure is the degree to which nitrogenous molecules of the manure are chemically stabilized in soil, whether onto the mineral surface or into the soil organic matter matrix. Amino compounds and peptides are known to bind to soil mineral surfaces Stotzky, 1982, 1984; Stotzky, 1986) and are well known components of soil organic matter and manure. The strength of stabilization would seem to depend not only on soil properties but also on the affi nity of individual amino compounds in the manure for chemical binding. Therefore, identifi cation of individual amino compounds may provide unique insights into the cycling of manure N.
Soil amino acids and amino sugars are thought to comprise the vast majority of soil N (Olk, 2008a) , and they are commonly measured by extraction with hot HCl, followed by separation through cation exchange chromatography, derivatization by ninhydrin, and detection by visible light absorption (Stevenson, 1996) . This approach has some limitations: (i) HCl destroys some amino acids before they can be measured, (ii) much of the soil N is not extracted by HCl, and (iii) amino sugars in the HCl hydrolysate must be measured separately from amino acids. Martens and Loeffelmann (2003) proposed an alternative procedure that allows simultaneous measurement of amino acids and amino sugars while preserving some of the acid-sensitive amino compounds. The compounds are extracted from soil by methanesulfonic acid, separated by anion chromatography, and detected by pulsed amperometry, which precludes the need for derivatization. Martens and Loeffelmann (2003) and Martens et al. (2006) demonstrated that this approach enabled slightly greater extraction of amino compounds from Midwestern agricultural soils than the range of extractable amino acids that is normally extracted by the conventional HCl extraction (Stevenson, 1996) .
The anion chromatography-pulsed amperometry approach needs further evaluation on a wider range of soils, and it has not yet been used to investigate the chemical forms of soil N following manure application. The primary objective of this study was to evaluate the combination of methanesulfonic acid extraction, anion chromatography, and pulsed amperometry as an accurate and reproducible analysis for soil amino acids and amino sugars, which will collectively be called amino compounds. We evaluated this technique on soils that were sampled at the beginning and the end of a 28-d incubation by Fortuna et al. (2007) to determine (i) the relative contributions of individual amino compounds to soil N accumulation when manure N was added to soil, and (ii) their contributions to manure-N mineralization during the incubation. We also addressed the claim by Martens and Loeffelmann (2003) that extraction of the amino compounds is most effi cient during short-term autoclaving at high temperature and pressure. For all soil samples from the manure incubation, we compared this approach with autoclaving at a standard temperature and pressure for a longer duration.
MATERIALS AND METHODS

Soil Sampling and Processing
Topsoil (0-15-cm depth) was collected from nine soils in six states, representing six soil orders (Table 1) . Soil was sampled from locations that had not received N fertilizer input for several years or animal manure for at least 10 yr. Long-term land management varied among sites, but none of the soils had received signifi cant amounts of incorporated plant biomass in recent years. All soil samples were collected between the last week of April and the fi rst week of June 2005, except two Wisconsin soils that were collected in the fi rst week of August 2005. At each of the nine locations, all sampled soil was combined into one composite and transported at fi eld moisture status to a central laboratory at Orono, ME. There the nine composite soils were passed through a Fortuna (unpublished, 2005) . Particle size was determined by the pipette method (Gee and Or, 2002) . The pH was measured in deionized water (1:1 w/v). ‡ Soil was an unnamed series in Newport, ME.
2-mm sieve to remove stones and plant material, then stored for 3 to 4 wk at 4°C until the incubation.
Laboratory Incubation
Following a 2-wk preincubation, fi eld-moist composite soils were weighed (50 g oven-dried basis) into 120-mL polypropylene specimen vials at bulk densities that were consistent with fi eld conditions. Each vial was amended with 2.00 g of dairy slurry manure (3.40 g N kg −1 ), equivalent to a P rate of 44 kg P ha −1 and an N rate of 300 kg N ha −1 (136 mg manure N kg −1 soil), consisting of 170 kg NH 4 -N ha −1 and 130 kg organic N ha −1 . The manure was obtained from the manure pit of a commercial dairy farm. It contained <17% solids, 119 mg Cu kg −1 , and 21 mg Zn kg −1 on a wet-weight basis. The slurry pH was 7.2 (Wolf, 2003) .
The manure was weighed into a weigh boat and then transferred into each specimen vial. The amended manure was immediately covered with a soil layer to simulate fi eld application through disking and to minimize NH 3 volatilization. To provide regular aeration, lids were removed from the specimen vials every day for 1 h, and the vials were rearranged in the incubator. Soil samples were maintained at 25°C and 60% water-fi lled pore space through weekly replenishment of water during the 28-d incubation. At 7-d intervals starting a few minutes after manure application, four replicate specimen vials were selected from both the manure-amended treatment and an unamended control treatment for each composite soil. These vials were destructively sampled and analyzed for inorganic N and nitrifi cation potential. A subsample of each vial's soil content was air dried and later analyzed for amino compounds. Fortuna et al. (2006) reported trends in nitrification potential. No evidence was found for mineralization of organic manure N during the 28-d incubation (Fortuna et al., 2007) . Here we report the concentrations of soil amino acids and amino sugars that were extractable at 0 d and at 28 d after manure application.
Determination of Soil Amino Acids and Amino Sugars
Amino acids and amino sugars were measured following the procedure of Martens and Loeffelmann (2003) with slight modifications. In summary, soils were extracted by methanesulfonic acid during autoclaving, and the extracts were analyzed for concentrations of amino acids and amino sugars by anion chromatographypulsed amperometry. The concepts that underlie this approach were explained by Martens and Loeffelmann (2003) and Olk (2008b) . Briefl y, methanesulfonic acid is a nonoxidizing acid that is thermally stable at elevated temperatures, allowing simultaneous detection of (i) those amino acids that are normally measured by the conventional HCl extraction, (ii) the amino sugars glucosamine and galactosamine, and (iii) amino acids that are unstable in HCl: serine, threonine, and the S-containing amino acids methionine and cysteine (measured as its disulfi de derivative cystine). Following autoclaving, the acid extract was neutralized with NaOH and injected into an anion chromatograph in an alkaline solution, in which amino compounds are anionic. Their concentrations were measured by pulsed amperometry, a highly sensitive mode of electrochemical detection.
In particular, 250 mg of each composite soil was weighed into a glass culture tube (16-mm o.d. by 100-mm length) with a screw cap, in four laboratory replicates. To each tube was added 2 mL of a 4 mol L −1 methanesulfonic solution having 2 g L −1 tryptamine [3-(2-aminoethyl)indole] to suppress decomposition of the acid-sensitive amino acids and catalyze the hydrolysis of amino compounds (Simpson et al., 1976) . This tryptamine-enriched extractant was identical to that used by Martens and Loeffelmann (2003) and Martens et al. (2006) , although these researchers failed to mention the use of tryptamine. The soil samples and acid solutions were autoclaved for either 16 h at 121°C and 208 kPa pressure (Castle 3522 Gravity/ Laboratory Sterilizer, BMM Weston, Faversham, UK) or 90 min at 136°C and 248 kPa pressure (Barnstead International Harvey SterileMax, Barnstead International, Dubuque, IA). Both autoclaving procedures were conducted on separate subsamples of each soil because, contrary to the fi ndings of Martens and Loeffelmann (2003) , our initial results indicated that autoclaving for 16 h at 121°C provided more effi cient extraction of several amino compounds than did autoclaving for 90 min at 136°C.
Following autoclaving, the glass culture tubes were cooled and centrifuged (20 min at 865 × g), and their supernatants were transferred to clean 15-mL polypropylene tubes. The glass tubes were washed twice with purifi ed (18 MΩ cm) water and centrifuged, and these supernatants were combined with the original supernatant, then neutralized with 1 mol L −1 NaOH to pH 5 to 6 and diluted to 10 mL. Of this solution, 1.5 mL was diluted with purifi ed water in a second tube to 10-mL volume, and this solution was injected into a Dionex (Sunnyvale, CA) DX-500 anion chromatograph that was equipped with a Dionex AminoPac PA-10 column for separation of the amino compounds. Concentrations of amino compounds were measured with a disposable Au working electrode using triple-pulsed amperometry, i.e., a waveform that uses a stepped sequence of electrical potentials in the detector to cyclically cleanse the electrode surface (Johnson et al., 1993; Olk, 2008b) . The eluent gradient began with mostly 10 mmol L −1 NaOH and gradually increasing proportions of 250 mmol L −1 NaOH to raise the eluent pH during the initial 18 min, followed by increasing proportions of 1 mol L −1 NaOAc to increase the ionic strength during the fi nal 17 min.
Other Laboratory Analyses
Total N and C contents of soil samples at the beginning and end of the 28-d incubation were measured by automated combustion analysis (PerkinElmer 2400, Series II, PerkinElmer, Waltham, MA). Ammonium in the methanesulfonic acid hydrolysate following extraction for amino compounds was measured by automated fl ow injection analysis (Lachat FIA 8000, Hach Co., Loveland, CO). Concentrations of the amino compounds in the dairy slurry were determined by fi rst freeze-drying a portion of the slurry, then extracting and analyzing subsamples (20 mg) of the dried residue, following the same steps listed above for soil.
Statistical Analysis
All statistical analyses were performed on the laboratory replicates that were used in this study; fi eld replicates had been combined into composites. Hence, we could formally evaluate the reproducibility of laboratory analyses, but not the signifi cance of manure addition, sampling time, or the differences in soil properties among the nine locations (here collectively called soil type). Variations in amino compounds among soil samples were analyzed by using a mixedeffects regression model for longitudinal data (SAS Institute, 1997). Simple correlations among soil properties were determined using a standard spreadsheet function. Concentrations of amino compounds were also subjected to principal components analysis in SAS using the PRINCOMP procedure (SAS Institute, 1997).
RESULTS
Concentrations of individual amino acids and amino sugars were determined through autoclaving procedures for the unamended and manure-amended treatments of each soil both on the day of manure application and also 28 d later. These data can be found as supplemental material in the online version of this article, and they are reported as the means and standard errors of laboratory replicates. The reader is referred to this supplemental material, especially for comparing the extraction effi ciencies of the autoclaving procedures and for evaluating the variability of the analysis for amino compounds.
A representative chromatogram (Fig. 1 ) for the Valentine sand shows distinct and well-resolved peaks in the fi rst half of the spectrum. The largest two peaks represent the amino sugars galactosamine and glucosamine. In some samples, a tiny peak was observed for a third amino sugar, muramic acid, but we could not obtain a linear calibration curve for muramic acid as a standard chemical, so we do not further report it here. Starting at about 11-min run time, the baseline rose due to the increasing NaOAc concentration in the eluent. An additional rise at about 15 min resulted from an appreciable concentration of methanesulfonic acid in the injected solution (Dionex Corporation, 2001 ). The depicted chromatogram represents a low-C soil and shows distinct peaks for nearly all amino compounds, but in chromatograms of standard chemicals or soils with higher C contents (see Martens and Loeffelmann, 2003) the peaks that follow soon after the baseline rise are smaller than those at earlier retention times, indicating limited responsiveness of the pulsed amperometry detector to these compounds. Contaminant peaks occurred in chromatograms of the extractant solution, most notably at the same retention times as aspartate and glutamate. Glutamine and asparagine will lose their terminal amine groups during hydrolysis by methanesulfonic acid, similar to the action of HCl, so the glutamate peak is presumed to represent both indigenous glutamate and hydrolyzed glutamine, and the aspartate peak is presumed to represent both indigenous aspartate and hydrolyzed asparagine.
The depicted chromatogram was obtained with a slightly used chromatography column. A new column will distinguish the serine and proline peaks, but with continued use of a column we observed the gradual merger of the proline and serine peaks, and with further use the small peaks for ornithine and phenylalanine became indistinguishable from random baseline fl uctuations. Hence, for four soils a combined serine-proline peak is reported and the individual serine and proline peaks are excluded from cross-soil discussions. For some samples, concentrations of ornithine and phenylalanine are not reported. The amount of total extractable amino N varied fourfold across the nine soils, ranging for the unamended control treatment from 228 mg amino N kg −1 soil for the Adkins sandy loam to 948 mg amino N kg −1 soil for the Loyal silt loam (Table 2) . Soil type had a highly signifi cant (P < 0.0001) effect on the amount of extracted amino N for each of the 20 amino compounds (excluding separate peaks for serine and proline). Total amounts of amino N that were extractable with 16-h autoclaving at 121°C and 208-kPa pressure were best positively correlated with total soil N, silt content, and total soil C and best negatively cor- related with sand content (Table 3 ). The correlations of total extractable amino N with other soil properties were weaker and followed those of total soil N. Total extractable amino N was not signifi cantly (P > 0.05) correlated with the percentage of total soil N that was identifi ed as amino N.
Comparison of Autoclaving Procedures
The two autoclaving procedures differed little in the total amounts of extractable amino N. On average, 1% more amino N was extracted by autoclaving for 16 h at 121°C and 208-kPa pressure than for 90 min at 136°C and 248-kPa pressure (range of −12 to 14%, standard deviation 6%). The total extracted amino N varied from 213 to 1033 mg N kg −1 soil for 16-h autoclaving at 121°C and similarly from 242 to 998 mg N kg −1 soil for 90-min autoclaving at 136°C. The total amounts of amino N that were extracted by either autoclaving method were signifi cantly correlated with each other (r = 0.98, P < 0.001) across all soils, manure treatments, and sampling times. For soil samples that were extracted on the same day that they received manure, in seven of nine cases numerically more total amino N was extracted by 16-h (121°C) autoclaving than by 90-min (135°C) autoclaving, although the statistical significance of this trend cannot be established. For soils that did not receive manure or for those soils that were extracted 28 d after manure application, the two autoclaving procedures did not differ consistently in the total amounts of extractable amino N.
The similarity in total extractable amino N masked modest but consistent differences between the two autoclaving procedures in the extracted amounts of individual amino compounds. Across all soils, these differences were not signifi cant (P > 0.10) for glycine, lysine, and phenylalanine, moderately signifi cant for hydroxyproline (P = 0.050) and methionine (P = 0.012), and highly signifi cant (P < 0.01) for all other amino compounds (Table 4) . Autoclaving for the shorter duration (90 min) at 135°C provided more effi cient extraction of alanine, ornithine, and those amino compounds that are unstable in acidic solutions: serine, threonine, both amino sugars (glucosamine and galactosamine), and the S-bearing amino acids (methionine and the cystine dimer). For all other amino compounds showing a signifi cant effect of autoclaving, the 16-h heating at 121°C provided more effi cient extraction. The interaction of autoclaving with soil type was highly signifi cant (P < 0.01) for every amino compound.
Effect of Manuring on Total Soil Nitrogen and Extractable Amino Compounds
Before manure amendment, the soils differed widely in their total N contents (Table 5) , ranging from 0.45 g N kg −1 soil for the Valentine sand to 2.43 g N kg −1 for the Catlin silty clay loam. Total soil N had a highly signifi cant (r = −0.85, P < 0.01) negative correlation with sand content and also signifi cant positive correlations with silt (r = 0.76, P < 0.05) and clay contents (r = 0.67, P < 0.05) (Fortuna, unpublished data, 2005) .
Following manure application, total soil N was 0.16 g N kg −1 greater (range 0.04-0.22 g N kg −1 , Table 5 ) than in the unamended control soils, in approximate agreement with the manure addition rate of 0.14 g N kg −1 soil. Similarly, total soil C was 1.4 g C kg −1 soil greater (range −0.8 to 4.6 g C kg −1 ) in the amended soils. These ranges refl ect random error in measuring the often small proportional changes in soil C and N contents resulting from manure addition. After 28 d of incubation, the manured soils were enriched by only 0.10 g N kg −1 soil (range 0.01-0.19 g N kg −1 soil) and 0.5 g C kg −1 soil (range −1.1 to 1.7 g C kg −1 soil) compared with the unmanured controls. Across both sampling times, the increase in soil N content was signifi cant (P = 0.017), as was the effect of soil type (P < 0.0001). This narrowing of the manure effect during the 28-d incubation suggests partial losses of manure C and N, possibly including mineralization of labile C compounds and nitrifi cation and denitrifi cation especially of the inorganic NH 4 in the manure. The relative abundances of individual amino compounds in the manure roughly paralleled their proportions of total extractable amino N in the unamended soils at the beginning of the incubation (Table 4 ). The most notable exceptions were that the manure was enriched in threonine and depleted in the amino sugars glucosamine and galactosamine compared with the unamended soils.
Immediately after manure amendment, total extractable amino N was numerically greater in the manured treatment than in the unmanured treatment for eight of the nine soils (Table  2) . For individual soils, the magnitude of this increase varied considerably, ranging from −36 to 78 mg amino N kg −1 soil (mean 38 ± 35 mg amino N kg −1 soil, or 64% of the organic N added as manure). Averaged across all soils, every amino compound was numerically more abundant in the manured soils than the unmanured soils, averaging a 10% increase (range 0-25%) with 16-h autoclaving ( Fig. 2A) . The largest increases (25%) were those of the minor S-bearing compounds methionine and cystine, and the smallest increases were those of aspartate (0%), arginine (4%), and the amino sugars galactosamine (5%) and glucosamine (6%). Phenylalanine was excluded because of errant values.
After the 28-d incubation, for eight of the nine soils the manured treatment still had numerically more total extractable amino N than did the control soils (Table 2 ). With 16-h autoclaving, most amino compounds showed slightly lower levels of enrichment than on the day of manure application. They averaged an 8% increase beyond their levels in the unmanured control soils, ranging from 3 to 12% except for tyrosine (16%) and glutamate (15%) and excluding errant values for phenylalanine and cystine (Fig. 2B) . Sampling date had a signifi cant effect (P < 0.05) on extractable amino N for only six of the 20 amino compounds, although its interaction with soil was signifi cant (P < 0.05) for 19 amino compounds (Table 4) . During the incubation of manure-amended soil, the extractable amounts of most amino compounds decreased, and the largest proportional decrease (16-h autoclaving) was for the minor amino acid tyrosine (Fig. 2C) , excluding phenylalanine and cystine due to errant values. Extractable amino N (16-h autoclaving) increased numerically during the incubation for only three amino compounds, all of which are associated with microbial activity (Stevenson, 1994) : ornithine and the amino sugars galactosamine and glucosamine. Their N contents increased only slightly (3%) during Table 4 . Proportion of total extractable amino N for each amino compound in unamended soil and in the dairy manure, and levels of signifi cance (P) in a mixed-model analysis of variance for factors of extractable amino N in nine soils. the incubation, which nevertheless appears distinct from the mean 11% decrease for the N contents of all other amino compounds. The extractable N content of ornithine, galactosamine, and glucosamine also increased by 2% during incubation of the unamended control soils, so if these slight increases resulted from microbial activity, it was unrelated to manure addition. Increased microbial activity could be expected to follow the soil sampling, as this disturbance could have exposed previously inaccessible pools of soil C. Alternatively, the subtle changes in these amino compounds during incubation might merely refl ect their low abundances in the manure (Table 4) , although two other amino compounds that were similarly uncommon in the manure (hydroxyproline and methionine) both showed numeric decreases in concentrations following the incubation (Fig. 2C) . In summary, these results suggest that during the 28-d incubation: (i) the amino compounds added as manure were largely stable, (ii) the modest decrease in amounts of extractable amino N that occurred during the incubation involved most types of amino compounds found in the manure, although it is unknown to what degree the decrease refl ected either net mineralization or chemical stabilization in the soils beyond extraction by methanesulfonic acid, and (iii) microbial activity during the incubation might have resulted in net formation of ornithine, galactosamine, and glucosamine.
Amino compound Total amino N in unamended soil
Reproducibility of Estimated Amino Concentrations
Of the four laboratory replicates that we analyzed for each soil sample, the estimated amino concentrations of one replicate were much smaller than those of the other three replicates for 28 of the 72 samples (9 soils × 2 manure treatments × 2 sampling times × 2 autoclaving procedures) for part or all of the chromatogram. These outlier values were discarded. For seven other soil samples, two of the four replicates had obviously small peak areas and were deleted. Six of these seven samples had either high clay content (Catlin and Brooksville) or very low C content (Valentine).
For those laboratory replicates whose values were retained, standard errors often reached 10 to 20% of the means for histidine, phenylalanine, glutamate, and aspartate. These peaks appeared in a complex soon after the baseline rose in the middle of the chromatogram with increasing levels of NaOAc in the eluent and perhaps also in the presence of methanesulfonic acid (Fig.  1) . For all other amino compounds, standard errors were in most cases <10%, and often <5%, of the means, except for ornithine and methionine, whose peaks were small. The magnitudes of the standard errors did not vary consistently among the nine soils.
Proportions of Total Soil Nitrogen Represented by Amino Compounds and Ammonium
Total extractable amino N represented moderate proportions of the total soil N ( Table 2 ). The largest proportions were 50 to 56% for the Valentine sand, and the smallest proportions were 26 to 28% for the Brooksville silty clay. Mean proportions across all soils and both autoclaving procedures ranged from 38 to 40% for the four manure-sampling time combinations. When the amount of extracted amino N was maximized for each amino compound in each soil by selecting the more effi cient autoclaving procedure, this mean range increased slightly: 41 to 43%. For 16-h autoclaving of the four manuresampling time combinations, the proportions were negatively correlated with total soil N, total soil C, C/N ratio, silt content, and Mehlich 3-extractable P (Table 3) . The NH 4 contents of the acid hydrolysates averaged 52% of total soil N across all soils and ranged from 31 to 107% of total soil N, being greatest in the low-N soils (data not shown). By comparison, Martens and Loeffelmann (2003) and Martens et al. (2006) reported hydrolyzable NH 4 contents that averaged 34% of total N content for soils that had about 20% more total N than our soils. Their mean somewhat exceeds the range of 20 to 25% reported by Stevenson (1996) for HCl extraction of surface soils. The elevated, and in cases impossibly high, NH 4 concentrations in our hydrolysates suggested a consistent contamination of 1.0 to 1.5 mg NH 4 L −1 hydrolysate. Subsequently, NH 4 concentrations were determined in solutions of 4 mol L −1 methanesulfonic acid alone or with tryptamine at the recommended enrichment (2 g L −1 ). Results indicated that in the absence of autoclaving, the methanesulfonic acid and the tryptamine each contributed about 0.2 mg NH 4 L −1 hydrolysate. Autoclaving induced the release of an additional 0.25 mg NH 4 L −1 from these combined chemicals; tryptamine has a terminal amine group that appears acid hydrolyzable. Altogether these measured NH 4 levels accounted for about half of the conjectured contamination.
DISCUSSION
The primary objective of this study was to evaluate the combination of methanesulfonic acid extraction, anion chromatography, and pulsed amperometry as an accurate and reproducible analysis for amino compounds in soil that had received animal manure. The nine soils that were included in this study provided a wide range of soil properties. The analytical approach provided results of suffi cient quality to enable some initial observations regarding the chemical forms of soil organic N following manure amendment.
First, manuring represented the application of a wide range of amino compounds to soil, yet most of the relatively abundant amino compounds in the manure were also abundant in the unamended soils. Notable exceptions were low concentrations of amino sugars in the manure; soil amino sugars are normally associated with microorganisms instead of the plant or animal residues that are likely to be common in animal manure.
As a second observation, during the 28-d incubation many of the amino compounds that were added to the soil as manure appeared to be largely stable, with only small proportional decreases for most amino compounds. These might be attributed to either mineralization or stabilization in the soil beyond extraction by methanesulfonic acid. Limited microbial decomposition of the manure N is consistent with the conclusion of Fortuna et al. (2007) based on nitrifi cation patterns during this same 28-d incubation. Those amino compounds that are considered to be of microbial origin-ornithine and the two amino sugars glucosamine and galactosamine-did not show decreased N content during the incubation, and in contrast may have shown slight, nonsignifi cant increases in both the manured and the unmanured control treatments.
Third, although the lack of fi eld replication precluded formal evaluation of soil type (representing the assemblage of all soil properties) as a factor in manure-N transformations, when statistical analysis was done on laboratory replicates, soil type strongly affected several measurements, including total amounts of extractable amino N, the percentage of total soil N that was extractable as amino N, the increase in total extractable amino N following manure addition, and the amount of N extracted as each amino compound with or without manuring. Soil type also interacted signifi cantly with autoclaving, manure addition, and sampling date for some or most amino compounds. No single soil property appeared to be primarily responsible for the effects of soil type on the amounts of extractable amino N. The amounts of extractable amino N were correlated primarily with total soil N, yet interestingly they were not correlated with the percentage of total soil N that was extracted. The percentage of total soil N that was extracted as amino N was negatively correlated with silt content. Together with a positive correlation with sand content that was nearly as signifi cant and a weak negative correlation with clay content (Table 3 ), these trends suggest that either our extraction of amino compounds was less effi cient for fi ner particle sizes than for larger sizes or that some of the N on fi ner sized particles is not amino N. Soils differed in the extraction of manure-bound amino compounds within minutes of manure addition, indicating that soil type intrinsically affects extraction effi ciency. Such effects are probably more responsible for the observed differences among soils in extractable amino N after the 28-d incubation than is any effect of soil type on the slight mineralization of manure amino compounds that occurred during the incubation.
Regarding the performance of this analytical approach, our results contradicted two analytical recommendations of Martens and Loeffelmann (2003) . First, autoclaving for 16 h at 121°C proved to be at least as effective as autoclaving for 90 min at 135°C. Each of these two autoclaving approaches provided more effi cient extraction of certain amino compounds. The longer autoclaving duration enabled more effi cient extraction of most amino compounds, other than those that are easily degraded in acidic solutions. A difference between autoclaving procedures was most evident for soils immediately after amendment of the manure; apparently the nitrogenous components of the manure were more easily hydrolyzed with a longer period of autoclaving. To further compare these autoclaving procedures, we will continue to use both for further studies in the foreseeable future.
In a second disagreement with Martens and Loeffelmann (2003) , our approach gave excessively high estimates of hydrolyzable NH 4 , which we attribute to contamination of the acid hydrolysate by NH 4 arising from tryptamine, methanesulfonic acid, or both. Using extractant solutions that lacked any soil, we explained half of the estimated contamination. The remaining portion might arise from additional tryptamine degradation in the presence of soil. If all of the tryptamine present in the extractant solution were degraded such that its terminal amine group were hydrolyzed to NH 4 , the amount of NH 4 would be several times greater than that observed; hence, the benefi t of the tryptamine in stabilizing some amino acids against acid-induced degradation during extraction and catalyzing the hydrolysis of the amino compounds must be weighed against the inability to accurately measure soil extractable NH 4 .
Other problems with this analytical approach include less than ideal reproducibility. Slow degradation of the chromatography column led to a merger of the serine and proline peaks and loss of the ornithine and phenylalanine peaks. Measurement of cystine was erratic. As mentioned above, we deleted one or two of the four laboratory replicates for 35 of the 72 samples because the estimated amino concentrations were much smaller than those of the other replicates. Suboptimal reproducibility may be common to all extractions for soil amino compounds, and it calls for the introduction to all hydrolysates of an internal standard such as norleucine (Amelung and Zhang, 2001; Dionex Corporation, 2001) .
Finally, our use of methanesulfonic acid might have contributed to the sizable rise in the baseline in the middle of the chromatogram (Dionex Corporation, 2001 ). This rise can potentially complicate quantitative estimates of the amino acids that elute at later retention times and have modest peak sizes, although a direct effect was not apparent.
In particular, aspartate and glutamate-the acidic amino acids-are considered among the most abundant amino compounds in soil as estimated by the conventional procedure of HCl extraction, cation exchange chromatography, and ninhydrin derivatization for detection by visible light absorption (Stevenson, 1994) . In our study, the aspartate (representing aspartate + asparagine) and glutamate (representing glutamate + glutamine) peaks were small, indicating low response factors by the amperometry detector. This concern should be alleviated by our linear calibration curves for aspartate and glutamate as standard chemicals; however, their retention times coincided with contaminant peaks in blank analyses. The peak areas of the blank contaminants were subtracted from all sample peak areas to estimate net concentrations. For aspartate, the contaminant peak could be as large as one-half of the sample peak, reducing the estimated sample concentrations and introducing uncertainty regarding their accuracy. These contaminants might have contributed to the relatively large standard errors of aspartate and glutamate and their unusual responses to manure addition and sampling date compared with most other amino compounds (Table 4 ). Principal components analysis of all amino acids for all soils, treatments, and sampling times distinguished these two amino acids in a second principal component, distinct from all other amino compounds that were grouped in the fi rst principal component (data not shown).
We identifi ed solely 9% of the total extractable amino acid N (excluding amino sugar N) in the unamended soils as acidic amino acids, averaged across both autoclaves and all nine soils for the sampling on the day of manure application. Martens et al. (2006) used this same analytical procedure to identify on average about 14% of total extractable amino acid N as acidic amino acids for several soils in a Midwestern crop production fi eld. These proportions are generally low compared with those gained by HCl extraction of other temperate-climate soils Sowden et al., 1977; Rosell et al., 1978; Senwo and Tabatabai, 1998) . For these studies, the content of acidic amino acids expressed as a mean proportion of total extractable amino N ranged from 13 to 25%, with most studies reporting a mean value >20%.
A yet greater methodological disparity occurs with the basic amino acids-arginine, lysine, and histidine. We attributed about 45% of the total extractable amino acid N in the unamended soils to the basic amino acids, compared with an estimated 39% by Martens et al. (2006) . These values clearly surpass the mean values of the above studies using HCl extraction, which ranged from 22 to 29%; hence, the methanesulfonic acid-anion chromatography approach might better extract basic amino acids compared with the HCl extraction-cation chromatography approach, but it might also extract the acidic amino acids less effi ciently.
Compared with Martens et al. (2006) , we attributed slightly smaller proportions of the total extractable amino N in the unamended soils to the acidic amino acids and greater proportions to the basic amino acids. Our maximum recovery of total soil N as amino N (41-43%) was also somewhat lower than that reported by Martens and Loeffelmann (2003) and Martens et al. (2006) , who identifi ed on average 52 and 51%, respectively, of total soil N as amino N. To demonstrate that our laboratories were conducting the analysis similarly, we measured extractable amino compounds in soils taken from the crop production fi eld of Martens et al. (2006) , and we reproduced their estimated amounts of the acidic amino acids. Therefore, we concluded that our nine soils differed consistently in some manner from the soils studied by Martens et al. (2006) . All nine soils were selected from sites that in recent years had received no N input and limited amounts of incorporated plant residues. Stevenson (1956) noted elevated proportions of the basic amino acids in crop production soils that had been subjected to long-term (50-yr) omission of fertilizer inputs compared with soils having regular fertilizer input. He attributed this fi nding to greater resistance of the basic amino acids to long-term microbial decomposition compared with other amino acids, perhaps through stronger chemical stabilization with humic or soil colloid surfaces. Conversely, one possible explanation for our low estimates of aspartate and glutamate is that these acidic amino acids are more easily degradable in the short term, so that given the absence of regular biomass incorporations into our nine soils, their proportions of the total extractable amino N would gradually decrease. This trend is apparent in the results of Stevenson (1956) .
Alternatively, glutamate and aspartate, together with alanine, glycine, and ornithine, are enriched in microbial cell walls (Stevenson, 1994) , and these amino compounds mostly constituted slightly smaller proportions of the total extractable amino N in our unamended soils than the proportions reported by Martens et al. (2006) . Therefore a second speculative explanation for our low amounts of acidic amino acids compared with those of Martens et al. (2006) is that the lack of biomass input and tillage in our soils before sampling slowed microbial turnover of nitrogenous compounds.
Despite these noted problems, the methanesulfonic acidanion chromatography-pulsed amperometry approach still provided plausible results regarding the effects of manuring and incubation time on soil amino compounds, and it enabled simultaneous measurement of amino acids and amino sugars. Its primary constraint is the same as for HCl extraction, namely the sizable proportion of soil N that is unextractable, apparently from fi ner textured soil particles. Previous studies described the mixed outcomes of an HF pre-extraction to solubilize soil minerals and increase the extraction of amino compounds bound to soil mineral surfaces (Stevenson, 1994; Sowden, 1969; Cheng, 1975; Warman and Bishop, 1987) . Griffi th et al. (1976) and Freney (1968) extracted somewhat more soil N by following the HCl extraction with a NaOH extraction. Another potential option is the removal of Fe oxides before acid extraction (Leinweber and Schulten, 2000) . Finally, paired analysis of soil by our approach together with the HCl-cation exchange chromatography approach might couple more effi cient extraction of both basic amino acids and acidic amino acids, respectively.
